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Initially, Applicants note that after examining the portions of the reference 
referred to by the Examiner (column 3, lines 27-33 and column 4, lines 24-26), 
Applicants were unable to find a teaching that the powders of Topchiashvili et al. are 
non-ferromagnetic and not-cubic. Furthermore, in response to the Examiner's taking 
Official Notice that the powders of Topchiashvili et al. are non-ferromagnetic and not- 
cubic, Applicants respectfully disagree. 

Initially, Official Notice, which by definition is unsupported by documentary 
evidence, should only be taken by the Examiner where the facts asserted to be well- 
known, or to be common knowledge in the art, are capable of "instant and unquestionable 
demonstration as being well-known." MPEP 2144.03. As also pointed out by this 
section of the Manual, assertions of technical facts in areas of esoteric technology or 
specific knowledge of the prior art must always be supported by citation to some 
reference work recognized as standard in the pertinent art; and it is never appropriate to 
rely solely on common knowledge in the art without evidentiary support in the record, as 
the principal evidence upon which a rejection was based. 

MPEP 2144.03 further states that if Applicant adequately traverses the 
Examiner's assertion of Official Notice, the Examiner must provide documentary 
evidence in the next Office Action if the rejection is to be maintained. Based on the 
following considerations, Applicants respectfully traverse the Examiner's assertion of 
Official Notice that the Topchiashvili et al. powders are inherently non-ferromagnetic and 
not cubic. 

Applicants have discovered a method of manufacturing an oriented sintered 
ceramic product of a new structure which disregards the conventional practice of 
neglecting magnetic anisoptropv of non-ferromagnetic materials , by dispersing a non- 
ferromagnetic^^ having a not-cubic crystal structure into a solvent to prepare a 
slurry and molding the slurry in a magnetic field , while taking the magnetic anisotropv of 
the non- ferromagnetic material into consideration . (See page 6, lines 6-15 of Applicants' 
specification.) 

Magnetic susceptibility is a number that characterizes the magnetism of a 
substance when it is subjected to a magnetic field. (See the attached portion of Encarta 
World English Dictionary, 2005.) The value of lxlO" 6 emu/cm 3 is a magnetic 
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susceptibility that has been conventionally thought to not be affected by a magnetic field. 
The magnetic susceptibility of alumina is about -4xl0 6 emu/cm 3 (see Nature, 164, p 101, 
1949), and the magnetic susceptibilities of other materials of the present invention are 
very small, being about -10" 7 emu/cm 3 , which can be treated as zero. [A negative 
magnetic susceptibility shows that a material is diamagnetic. It is traditionally written as 
emu/cm 3 , although the volume magnetic susceptibility in cgs (centimeter-gram-second) 
units is dimensionless and does not have a formal unit.] It has been conventionally 
assumed, by those of ordinary skill in the art, that these materials are not affected by a 
magnetic field. Therefore, these materials are used as nonmagnetic materials for 
equipment which requires nonmagnetic characteristics, such as electronic equipment, 
semiconductor manufacturing equipment, medical equipment, an electron beam exposure 
device, etc. Those skilled in the art recognize these materials as nonmagnetic, rather than 
non-ferromagnetic. Therefore, based upon the knowledge of one skilled in the art, one 
would not expect these materials, with low magnetic susceptibilities, to be affected by a 
magnetic field. 

On the contrary, the magnetic susceptibility of the superconductive ceramics of 
Topchiashvili et al. is about 4x10^ emu/cm 3 . [This value is calculated by converting the 
mass magnetic susceptibility of 5x1 0" 7 emu/g (see Nishida et al., page 598, right column, 
line 4, copy attached) to its equivalent in the emu/cm 3 system by using its density of 
about 7 g/cm .] It is well known that a material having such a large magnetic 
susceptibility is affected by a magnetic field . 

Based on these considerations, Applicants traverse the Examiner's assertion of 
Official Notice that the Topchiashvili et al. powders are inherently non-ferromagnetic and 
not cubic. According to MPEP 2144.03, the Examiner must provide documentary 
evidence in the next Office Action to support this assertion, if the rejection is to be 
maintained. 

Applicants 5 claimed invention requires the use of a non-ferromagnetic powder . 
Topchiashvili et al. do not teach a non-ferromagnetic powder . On the contrary, 
Topchiashvili et al. use a material with a large magnetic susceptibility , 4xl0* 6 emu/cm 3 , 
as compared to Applicants' non-ferromagnetic powder with a range of magnetic 
susceptibility of between -4xl0* 6 to -10~ 7 emu/cm 3 , which can be treated as zero. 
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Although the Examiner takes Official Notice that Topchiashvili et al. teach non- 
ferromagnetic powders, Applicants' have shown that this is not accurate. The powders of 
Topchiashvili et al. are magnetic, as shown by their large magnetic susceptibility . 
Additionally, Topchiashvili et al. do not teach Applicants' discovery of making an 
oriented sintered ceramic product by disregarding conventional practice of neglecting the 
anisotropy of non-ferromagnetic materials. 

Therefore, Topchiashvili et al. do not teach each and every limitation of 
Applicants' claim 1, which requires "dispersing a non- ferromagnetic powder having a 
not-cubic system crystal structure into a solvent to prepare a slurry." 

Furthermore, the comments set forth above are equally applicable to claims 2, 12 
and 13. Since claims 2, 12 and 13 are directly dependent on claim 1, the subject matter 
of claims 2, 12 and 13 is patentable over Topchiashvili et al. for the same reasons that the 
subject matter of claim 1 is patentable over this reference. 

For these reasons, the invention of claims 1, 2, 12 and 13 is clearly patentable 
over Topchiashvili et al. 

The rejection of claim 13 under 35 U.S.C. §103(a) as being unpatentable over 
Topchiashvili et al. is respectfully traversed. 

The Examiner states that the teaching of sub-micro particles as well as the use of 
nano-powders suggest particles that are less than 0.69 microns. 

However, as discussed above, Topchiashvili et al. do not teach or suggest a 
method of manufacturing an oriented sintered ceramic product which comprises 
dispersing a non-ferromagnetic powder having a not-cubic system crystal structure into a 
solvent to form a slurry. Topchiashvili et al. do not teach or suggest the limitations of 
independent claim 1 , and therefore, for the same reasons do not teach or suggest the 
limitations of dependent claim 13. 

The rejections of claim 3 under 35 U.S.C. § 103(a) as being unpatentable over 
Topchiashvili et al., and further in view of Wei et al. and as being unpatentable over 
Topchiashvili et al., and further in view of Takagi et al. are respectfully traversed. 

The Examiner admits that Topchiashvili et al. do not disclose the ceramics of 
claim 3, but the Examiner asserts that it is clear from the reference that the method 
encompasses materials other than the specific ceramics disclosed. The Examiner states 
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that Wei et al. disclose the importance of alumina ceramics, and that it would have been 
obvious to alter the Topchiashvili et al. orienting process by using alumina rather than 
superconductors, for the advantages of the alumina products. 

The Examiner also states that Takagi et al. disclose the difficulty and desirability 
of creating oriented alumina sintered objects, and that it would have been obvious to 
apply the Topchiashvili et al. process/ solution to the known alumina problem. 

However, as discussed above, Topchiashvili et al. do not disclose a non- 
ferromagnetic powder , as required in Applicants' claims. Further, there is no teaching or 
suggestion in Topchiashvili et al. to substitute non-ferromagnetic powders in the 
superconductors taught in the reference. In fact, the passage relied upon by the Examiner 
to assert that Topchiashvili et al. encompasses other materials, actually states 
"modifications and structural changes may be made without departing in any way from 
the spirit of the present invention ." (Emphasis added.) However, the Examiner is 
suggesting that it would be obvious to substitute a non-ferromagnetic material, such as 
alumina, which has a magnetic susceptibility which can be treated as zero, for a 
superconductor material, with a large magnetic susceptibility. This substitution would 
surely depart from the spirit of the Topchiashvili et al. invention . 

Topchiashvili et al. teach the use of a magnetic material, which will certainly be 
affected by a magnetic field. Topchiashvili et al. do not teach the ability to create an 
oriented sintered product, using a non- ferromagnetic material and applying a magnetic 
force, and therefore disregarding the conventional practice of neglecting magnetic 
anisoptropy of non-ferromagnetic materials, by dispersing a non-ferromagnetic powder 
having a not-cubic crystal structure into a solvent to prepare a slurry and molding the 
slurry in a magnetic field , while taking the magnetic anisotropy of the non-ferromagnetic 
material into consideration. Furthermore, neither Wei et al. nor Takagi et al. remedy the 
deficiencies of Topchiashvili et al. 

For these reasons, the invention of claim 3 is clearly patentable over 
Topchiashvili et al. in view of Wei et al and Topchiashvili et al. in view of Takagi et al. 

The rejection of claims 1-3, 12 and 13 under 35 U.S.C. §103(a) as being 
unpatentable over Morita et al. is respectfully traversed. 
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The Examiner asserts that Morita et al. disclose the use of colloidal alumina and 
magnetic fields to form oriented ceramics, but that there is no indication of the strength of 
the magnetic field. The Examiner states that it would have been obvious to perform 
routine experimentation to determine what strength of magnetic field would produce the 
optimal results. 

Morita et al. teach that the C-faces of thin tabular or leaf-like tubular ceramics 
powder are oriented by applying centrifugal force. (See column 2, lines 28-39 of the 
reference.) In Example 3 of the reference, a centrifugal force and an external magnetic 
field were applied onto the mixture of strontium ferrite powder and a binder. However, 
the strontium ferrite is ferromagnetic, and therefore distinct from the non-ferromagnetic 
powder of Applicants' invention. Furthermore, the reference teaches to apply the 
magnetic field only in order to further enhance the orientation of M type hexagonal 
system ferrite, such as strontium ferrite (hexagonal tabular fine grain). 

Morita et al. do not teach or suggest a method of manufacturing an oriented 
sintered ceramic product by dispersing a non-ferromagnetic powder having a not-cubic 
system crystal structure into a solvent to prepare a slurry, solidifying the mold in a 
magnetic field and sintering the slurry. The reference does not teach or suggest that the 
non-ferromagnetic powder is oriented by applying the magnetic field . 

Additionally, the Examiner asserts that if one does not consider Morita et al.'s 
paraffin to be a solvent then the Examiner gives official notice that it is well known to 
use binder systems that use solvents such as water, and that it would have been obvious 
to use any conventional binder system that uses a solvent. 

However, when the magnetic field is applied on a ferromagnetic material, such as 
that in Morita et al., it is not necessary that the particles be suspended, because the 
magnetic susceptibility of the ferromagnetic material is sufficiently large, and therefore 
the magnetic field can be applied directly to the particle for orientation of the particle. 
On the contrary, in the present invention, it is necessary that the particle be suspended in 
a colloid state for easy rolling since the magnetic susceptibility of the particle is 
insignificant (can be treated as zero). Therefore, it would not have been obvious to 
employ a solvent in the teachings of Morita et al., because, the magnetic susceptibility of 
the material in Morita et al. is large and therefore does not require the use of a solvent. 
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Therefore, the invention of claims 1-3, 12 and 13 is clearly patentable over Morita 

etal. 

In view of the above remarks, it is submitted that each of the grounds of rejection 
set forth by the Examiner has been overcome, and that the application is in condition for 
allowance. Such allowance is solicited. 



Respectfully submitted, 
Toru SUZUKI et al. 

By: 
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Samples of YBa 2 Cu 3 O x in four different phases have been probed by positive muon 
spin relaxation (^i + SR) method. Each phase was found to show different magnetic 
behavior. In the famous orthorhombic 90 K superconductor (x~6.9), neither 
magnetic ordering nor magnetic fluctuations were observed. However, in another or- 
thorhombic superconducting phase 6.4, T c « 60 K) a magnetic fluctuation was ob- 
served below 7 K via muon spin-nuclear spin double relaxation. Its magnetic ordering 
temperature was expected to be below 2.4 K. Similar behavior was observed in an ox- 
ygen-rich (jc— 6.5) tetragonal insulating phase, whereas the oxygen-deficient (x — 6.2) 
tetragonal insulating phase was found to be magnetically ordered, most likely antifer- 
romagnetic, near room temperature. This is the first observation of a magnetically or- 
dered state in the YBa 2 Cu 3 O x system. 



§1. Introduction 

Announcement of the discovry of super- 
conductivity in La-Ba-Cu oxides at 30 K by 
Bednorz and Miiller 0 has stimulated a search 
for new superconductors with still higher tran- 
sition temperatures (r c ) among perovskite 
type materials; already some Y-Ba-Cu oxides 
have been found 2) to become superconducting 
at 90 K. It seems difficult to explain such a 
high T c in terms of electron-phonon interac- 
tions. Possible alternative mechanisms 3) associ- 
ated with magnetism have been proposed. In 
the present paper we report on a microscopic 
study of the magnetism of the YBa 2 Cu30jr 
system using a positive-muon spin relaxation 
(^ + SR) method. As ju + SR can be performed 



without applying any external field to the sam- 
ple, it has an advantage over NMR or ESR for 
the study of magnetism in a superconductor. 
Furthermore, since the magnitude of the ob- 
served // + SR signal is self-calibrated a priori 
by the incident fi + spin polarization, it is 
especially useful in studies of disordered 
systems such as high- T Q superconductors, 
where NMR or ESR often has a missing signal 
of unknown magnitude. In an earlier /* + SR 
study, Nishida et a/. 4) reported an observation 
of some sort of magnetic phase transition in a 
mixed-phase superconducting sample of Y- 
Ba-Cu oxide. The present investigation was 
undertaken to clarify the nature of that transi- 
tion in single-phase YBa 2 Cu 3 O x samples. 
In // + SR measurements, polarized positive 
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muons are implanted in the sample where they 
decay, emitting positrons preferentially along 
their polarization. We accumulate the 
numbers of positrons, N?(t) and Nsit), emit- 
ted in the directions parallel and antiparallel 
to the incident muon spin at times t after the 
muons are implanted into the target. In the 
sample material muons may experience a 
magnetic perturbation and lose their initial 
polarization. This spin relaxation process is de- 
scribed in terms of a longitudinal relaxation 
function G z (t), which is related to the spatial 
asymmetry of emitted positrons, A(t) = [N?(t) 
-N*(t)]/[N F (t)+N B (t)]. Through ,4(0 we 
are able to detect local magnetic fields (even if 
randomly distributed) in a magnetically or- 
dered phase. The method works equally well 
in zero external field (ZF-j/"*~SR), longitudinal 
field (parallel to the initial muon polarization, 
LF-/i + SR) and transverse field (TF-/* + SR). 
Details of these methods are described in 
several review papers. 5) 

The YBa2Cu 3 0* system is known to have 
several different phases, depending upon the 
oxygen content x y with physical properties 
ranging from insulators to superconductors. 
Recently four distinct metamorphic phases of 
YBa 2 Cu 3 O x have been synthesized in single- 
phase states and characterized by Nakazawa 
et al. 6,7} In the present /i + SR experiment the 
magnetic properties of these four phases were 
found to differ drastically. In particular, an in- 
sulating sample of the most oxygen-deficient 
tetragonal phase, YBa 2 Cu 3 06.2 was found to 
order antiferromagnetically near room temper- 
ature. 

§2, Samples and Experimental Method 

Five samples of four different phases were 
prepared by appropriate heat treatments in 
different oxygen atmospheres. 6,7) Two phases 
are orthorhombic superconductors and the 
other two are tetragonal insulators. They are 
called "Ortho-I" (jc-6.9), "Ortho-II" 
(x~ 6.4), "Tetra-I" (a:- 6.5) and "Tetra-II" 
(x— 6.2). The oxygen content is known within 
about 0.1 by neutron scattering experiments 
on Ortho-I, 10 ' 11 Ortho-II 12) and Tetra-II. ,3) The 
oxygen content in Tetra-I was determined by 
chemical analysis. They are single-phased ex- 
cept for Tetra-I. Ortho-I is the well-known 90 



K superconductor. Its lattice parameters are 
a=3.825 A, fc=3.893 A and c=11.676A. Its 
magnetic susceptibility is almost temperature 
independent in the normal state, with a 
magnitude of 5 x 10~ 7 emu/gram. 8) Thus, 
Ortho-I is a Pauli paramagnet. Ortho-II, more 
oxygen-deficient than Ortho-I, is also a super- 
conductor with T c ~ 60 K. Its lattice para- 
meters are a=3.835A, £=3.880 A and 
c= 1 1.744 A. Its magnetic susceptibility in the 
normal state is slightly smaller than that of 
Ortho-I and its temperature dependence is 
weakly Curie- Weiss-like. In Tetra-II, still 
more oxygen has been removed. Two Tetra-II 
samples were prepared; one was baked in air 
at 907 °C and then rapidly quenched to 77 K 
by dropping into liquid nitrogen; the other 
was similarly quenched from 770 °C. The 
former sample is considered to contain less 
oxygen than the latter. Its lattice parameters 
are cr=3.864A and c= 11.803 A for the 
907°C-quenched sample and a =3.865 A and 
c= 11.765 A for the 770°C-quenched sample. 
None of the tetragonal samples is supercon- 
ducting; their electrical resistance shows a 
semiconductor-like temperature dependence. 
The magnetic susceptibility 9) of the Tetra-II 
samples is smaller than that of Ortho-II at 
room temperature and shows a slight decrease 
with decreasing temperature. Toward lower 
temperatures (below 20 K) it increases Curie- 
Weiss-like with about 0.2 // B per copper atom. 
Tetra-I is also an insulator. The lattice parame- 
ter c is smallest among the four phases. Its lat- 
tice parameters are a— 3.87 A and c= 1 1 .63 A. 
Its magnetic susceptibility obeys a Curie- 
Weiss law with 1.1 piB per copper atom, but a 
slight decrease is seen around 90 K, presum- 
ably due to a trace of superconducting mate- 
rials in this sample. 

Neutron diffraction experiments l0 ~ 13) she" 7 
which oxygen atoms are removed from the 
YBa2Cu 3 Ojt crystal as we decrease the oxygen 
content jc. In these four phases the oxygens in 
the two-dimensional Cu-O planes that sand- 
wich yttrium atoms remain unchanged. Thus 
the oxygens that form Cu-O one-dimensional 
chains 10,10 between two Ba-O layers of Ortho- 
I are removed in Ortho-II and Tetra-II. In the 
present sample of Ortho-II, it was found by 
neutron diffraction measurements 12 * that two 
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thirds of the oxygens are missing from the Cu- 
O chains. Thus, the oxygen content is x~ 6.4 
in the present Ortho-II sample. When more ox- 
ygen is removed, a tetragonal phase sets in. In 
an idealized version of Tetra-II, all the oxygen 
would be missing from these Cu-O chains. 13) 
The samples for this experiment were 
sintered polycrystalline discs 30 mm in 
diameter and 2 mm thick. The^ + SR measure- 
ments were performed by using surface muon 
beam at the M9 meson channel of TRIUMF in 
Vancouver, Canada and by using pulsed sur- 
face muon beam at the n\ channel of the 
Booster Meson Facility, Meson Science 
Laboratory, University of Tokyo, Located at 
KEK. The latter facility was used to see spin 
relaxation phenomena in a time range longer 
than 8//s. The magnetic field at the sample 
position was kept below 0.2 G for ZF-// + SR 
measurements. 

§3. Experimental Results 

The ZFv/ + SR method was applied to 
Ortho-I, Ortho-II, Tetra-I and Tetra-II 
samples. Typical examples for each phase are 
shown in Figs. 1(a)- 1(c). 

In Ortho-I, which is a 90 K-superconductor, 
the observed G z (t) at 70 K is well represented 
by a Gaussian Kubo-Toyabe function 14,15 * 5 * 
G^iO with J«0.12|is _1 and r c >5/*s, as 
shown in Fig. 1(a). This means that implanted 



positive muons are randomly distributed in 
the crystal and feel no local magnetic field ex- 
cept for the almost static nuclear dipolar fields 
originating from copper and yttrium nuclei. 
At 240 K and 315 K motional narrowing of the 
nuclear dipolar fields was observed. This may 
be attributed to the onset of ju + diffusion 
above 200 K. The relaxation function did not 
show any change at the superconducting transi- 
tion temperature and retained the same form 
from 120 K down to 5 K. The Ti of surround- 
ing nuclei can also be probed by ZF-# + SR..In 
the present case, the nuclear dipolar field is 
found to be static, which indicates that the T x 
(or T 2 ) of Cu nuclei in Ortho-I should be 
longer than 10 /xs. We conclude that in Ortho- 
I there is neither detectable magnetic ordering 
nor magnetic fluctuations as far as jx + can 
probe it. 

In Ortho-II, which is a 60 K-superconduc- 
tor, G z (t) showed a slow Gaussian damping 
similar to that observed in Ortho-I, above 80 
K. Though there is no drastic change in the 
spectrum around the superconducting critical 
temperature, G z (t) changes its form gradually 
with decreasing' T\ the Gaussian damping part 
is somewhat weakened, as in the case of mo- 
tional narrowing. Apparently, the nuclear 
dipolar field fluctuates dynamically. We 
speculate that this effect may be caused by 
rapid fluctuation of the surrounding copper 
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Fig. 1(a). The zero-field fi + spin relaxation functions in Ortho-I (90 K superconductor); the relaxation functions 
took the same form of a static Kubo-Toyabe function at temperatures from 120 K down to 5 K and the mo- 
tional narrowing effect, maybe due to diffusion, is seen at 240 K and 315 K. 
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Fig. 1(b). The zero-field // + spin relaxation functions in Ortho-II (60 K-superconductor); at 40 K, the relaxation 
function is a Gaussian-type slightly weakened by muon spin-nuclear spin double relaxation mechanism, 
whereas at 2.4 K the relaxation function changes its form with a fast relaxing part in the time region /<300 
ns. 
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Fig. 1(c). The zero-field u + spin relaxation functions in Tetra-II (tatragonal insulator); at 250 K and 15 K, the fj + 
spin precession is shown, with a fast relaxing part in the time region /< 50 ns. At 315 K, no precession is ob- 
served and Tetra-II is paramagnetic. 



nuclei (with a nuclear 7\<20/is) due to slow- 
ing down of magnetic fluctuation of electrons. 
When muons are surrounded by magnetic 
ions, so-called muon-nuclear-spin double 
relaxation 10 (first observed in the case of 
MnSi) may take place; near the magnetic tran- 
sition temperature the nuclear T\ in magnetic 
ions gets shorter than the muon T u and we ex- 
pect to observe first the narrowing effect of 
nuclear spin fluctuation on G z (t). Sure 
enough, this double-relaxation precursor 
signature is followed at lower temperatures 
below 7 K by the appearance of a fast-relaxing 



component in the early part (/< 300 ns) of 
G z (t)> as shown in Fig. 1(b). This fast relaxing 
component increased with decreasing tern 
perature. Thus, below 7 K the /i + spin relaxa- 
tion due to magnetic electrons becomes domi- 
nant and Ortho-II may be approaching a 
magnetic transition, though no definite 
magnetic ordering was observed down to 2.4 
K. Below 7 K, the observed fast relaxing part 
of G z (t) was able to be fitted by a root-ex- 
ponential function; which suggests as seen in 
spin glasses 17 ' that, the magnetism in Ortho-II 
is disordered one below 7 K and the correla- 
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tion time of magnetic fluctuations is 
distributed in a wide time region. This is con- 
sistent with recent measurements of the 
specific heat which has shown a gradual in- 
crease, but no peak at low temperatures down 
to 0.4 K. 8) 

In Tetra-II, an insulator, which is most ox- 
ygen deficient, a j/ + spin precession signal was 
observed in zero external field even up to 250 
K, for the sample quenched from 907 °C, as 
shown in Fig. 1(c). These precession signals 
were fitted to a function A exp ( — A*/) cos 
(Iwf-t) by a least x 2 -method. The fitted 
precession frequency, /, is 3-4 MHz and the 
relaxation rate, A, is from 3 to 4/iS" 1 at low 
temperatures. The observation of ju + spin 
precession indicates clearly that Tetra-II is 
in a magnetically long-range-ordered state. It 
is likely to be antiferromagnetic as the macro- 
scopic magnetic susceptibility is small. This 
gives the first evidence for magnetic ordering, 
most likely an antiferromagnetic phase, in the 
YBa2Cu 3 O x system. This precession frequency 
corresponds to a // + local field of 250-300 
Gauss. The initial amplitude of the precession 
signal yields the fraction of muons experienc- 
ing this local field; this fraction is about 70%* 
at low temperatures below 100 K, after the con- 
tribution from muons stopped in the sample 
holder or cryostat walls has been corrected, 
and gradually decreases with increasing tem- 
perature (see Fig. 2(b)). 

The observed precession frequency, which 
is fi + local magnetic field in Tetra-II, increases 
monotonically toward low temperatures as 
seen in Fig. 2(a). Below 40 K the temperature 
dependence shows a peculiar increase. The in- 
crease of /i + local magnetic field below 40 K 
may be explained as follows: At low tempera- 



* The fraction of muons stopped in materials other 
than the sample material was determined as follows: A 
similar shape of MnSi crystal was mounted on the same 
sample holder in place of YBa 2 Cu 3 O x samples and in- 
stalled in the cryostat. In MnSi near Neel temperature 
(about 29.5 K), m + spin relaxes fast due to critical slowing 
down phenomena. 10 Therefore, from the precessing com- 
ponent in TF-/* + SR experiments on MnSi around 29 K we 
are able to determine the fraction of muons stopped in 
materials other than the sample. We discuss a magnitude 
of the fraction of muons stopped at some location in the 
sample, after the fraction of muons stopped in the sample 
holder or cryostat walls has been substracted. 



tures the implanted may be trapped at 
several metastable sites that are not occupied 
at high temperatures in the oxide and may ex- 
perience local magnetic fields of a different 
magnitude there. In fact, this is the case for // + 
in YFe0 3 at low temperatures. 18) If this occurs 
in the Tetra-II of YBa 2 Cu 3 O x , the analysis us- 
ing a single precession frequency might bring 
about this strange temperature dependence at 
low temperatures. This problem is still open to 
question. Above 250 K the precession is hardly 
recognizable. This may be partially due to the 
onset of muon diffusion above 200 K, as sug- 
gested in Ortho-I, or to a wide distribution of 
magnetic ordering temperature 7*n as dis- 
cussed below. Very recently, similar ordering 
has been observed in another superconductor- 
related perovskite insulator La 2 Cu04-,5 by 
Uemura et al. l9) 

We also observed a fast-relaxing component 
in Tetra-II, (f<50ns), as shown in Fig. 1(c). 
In order to determine whether this fast compo- 
nent (which accounts for about 30%* of the 
M + SR amplitude at low temperatures) is due to 
inhomogenous static local fields or to a 
dynamic magnetic fluctuation, we applied a 
longitudinal magnetic field parallel to the in- 
itial spin direction of the implanted The 
fast-relaxing component was found to be 
decoupled by about 2kG; we can therefore 
conclude that it is due to a broad distribution 
of static local fields, the average field being 
around 200 G. The amplitude of this compo- 
nent decreased with raising temperature in a 
similar way to that of the previously men- 
tioned precessing component. As the fast- 
relaxing component has the same temperature 
dependence as the precessing component, the 
origin of random static magnetic fields that 
bring about the fast relaxation of ju + spins will 
be the same as that of the local magnetic fields 
that make a precession of m + spins. Thus, we 
consider that the fast-relaxing component may 
arise from muons occupying defects or disor- 
dered sites in the magnetically ordered crystal 
and experiencing random static fields. Then, 
from the precessing and fast relaxing com- 
ponents, the magnetically ordered part is 
nearly 100% of the sample at low tempera- 
tures below 100 K. 

If the muons feel only these large static local 
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Temperature (K) 



Fig. 2(a). The temperature dependence of internal magnetic fields probed by fi + in the 907°C-quenched sample 
of Tetra-II. 




Temperature (K) 

Fig. 2(b). Temperature variation of the relative fractions of the paramagnetic component ( • black circles) and 
the magnetically-ordered component ( ° open circles) in the 907 °C sample of Tetra-II. 



fields, the ZF relaxation function would 
asymptotically approach to a value of 1/3. 
This is actually the case at low temperatures, 
but at higher temperatures we observe a 
substantial component whose polarization 
decays very slowly. The slow relaxation of this 
component was found to be easily quenched 
by a small external longitudinal field of 25 G, 
indicating that the relaxation is due to nuclear 
dipolar fields as in Ortho-I. Therefore, this 
component is considered to be paramagnetic 



parts in the sample. We applied z email 
transverse field of 50 G (TF-//+SR) to see a 
free precession component. After subtracting 
the contribution** from muons stopped in the 
materials other than the sample, we found 

** The zero-frequency component (c) in the Fourier 
Transforms includes the contribution from muons stop- 
ped in the target holder or cryostat walls as described in 
the footnote (*). This is the reason why a peak at zero fre- 
quency is seen in the Fourier Transforms at 5 K and 3 K in 
Fig. 3. 
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that its fraction is almost zero at lower temper- 
atures and increases with raising temperature. 
To say in other words, paramagnetic parts in 
the sample gradually increase with increasing 
temperature and this tendency becomes strik- 
ing above 200 K. Finally, at 315 K, all the sam- 
ple is paramagnetic, as shown in Figs. 1(c) and 
2(b). Since the mixture of other phases in the 
present samples is known to be less than 5% 
from X-ray diffraction measurements, the in- 
crease of the non-magnetic component above 
200 K observed here, together with the gradual 
decrease of amplitude of the 3-4 MHz preces- 
sion component (see Fig. 2(b)), may be inter- 
preted in terms of a gradual magnetic phase 
transition (a wide distribution of Neel tempera- 
tures in the range 200-300 K). This explains 
why measurements of static magnetic suscep- 
tibility have so far failed to find any magnetic 
phase transition. 9) 

The longitudinal-field decoupling ex- 
periments show that all the local fields 
reflected in the ZF-relaxation function are 
static. In this case the local field distribution 
can be obtained from the Fourier transforma- 
tion of the relaxation function. These field 
distributions at various temperatures are 
demonstrated as Fourier transformations of 
ZF-JI+ spin relaxation functions G z (t) in Figs. 
3(a) and 3(b) for the P07°C-quenched sample 
and the 770°C-quenched sample, respectively. 
It consists of (a) discrete fields, which make a 
broad asymmetric peak around 3-4 MHz and 
contribute to t* + spin precession, (b) widely 
distributed fields, whose tail extends beyond a 
3-4 MHz peak and brings about the fast relax- 
ing part in G z (t), and (c) nuclear dipolar 
fields, which correspond to a sharp peak at 
zero frequency. The components (a) and (b) 
come from muons occupying sites in 
magnetically ordered parts of the sample; as 
discussed before, the former is from muons oc- 
cupying some interstitial sites and experienc- 
ing definite internal magnetic fields and the lat- 
ter will be from muons occupying disordered 
sites or defects and feeling random static 
magnetic fields. The non-magnetic component 
(c) reflects muons in paramagnetic parts of the 
sample. 

On the Tetra-II sample quenched from 
770°C, the similar measurements were per- 



formed. The j/ + spin precessions of 3.5 MHz, 
which corresponds to the ju + local field of 270 
G, have been observed at temperatures below 
10 K, as shown in Fig. 3(h). At 20 TC the preces- 
sion signal was dephased fast and was hardly 
recognizable as in 907°C-quenched sample 
above 250 K. And above 100 K the sample was 
found to be paramagnetic from TF-ji + SR. We 
can say that the 770°C-quenched sample has 
lower magnetic ordering temperature than the 
907°C-quenched sample which contains less 
oxygen than the former. It is interesting that 
the observed p + local field is almost the same 
below 10 K in these two Tetra-II samples (see 
Figs. 3(a) and 3(b)), though the magnetic 
ordering temperature is so different from each 
other. 

We also made ZF-/* + SR measurements on 
Tetra-I. The relaxation functions were nearly 
the same as those in Ortho-II, although 
Tetral-I has large magnetic moments of 1.1 Mb 

Y, Ba 2 Cu 3 0x (Tetra-n QN907) 
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Fig. 3(a). The fourier transformations of the ZF-/* + spin 
relaxation functions, G z (t) t for the Tetra-II sample 
quenched from 907°C (QN907) at various tempera- 
tures. 
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Y, Ba 2 Cu 3 0x (Tetra-H QN770) 
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Fig. 3(b). The fourier transformations of ZF-fi + spin 
relaxation functions for the Tetra-II sample quench- 
ed from 770°C (QN770) at various temperatures. 
Please note that the peak near 4 MHz is almost at the 
same position as that of QN907. 



per Cu atom, obeying Curie- Weiss law. There 
was no magnetic ordering down to 5 K. This 
makes quite a contrast to Tetra-II. 

§4. Discussions and Summary 

The present /z + SR measurements have 
clearly shown that the magnetism of the 
YB^C^Ox system changes drastically with 
the oxygen content x* In the following we sum- 
marize the experimental results and discuss 
them briefly. 

In Ortho-I (jc~6.9), a 90 K-superconductor, 
neither magnetic ordering nor magnetic 
fluctuations have been observed by ^ + at tem- 
peratures from 120 K down to 5 K, except for 
static nuclear dipolar fields of copper and 
yttrium nuclei. In Ortho-II (jc~6.4), a 60 K- 
superconductor, where two thirds of the ox- 
ygen atoms are missing in the Cu-O chains of 
Ortho-I, at high temperatures the magnetic 
behavior is similar to those in Ortho-I, while 
with decreasing temperature magnetic fluctua- 
tions have been observed and become out- 
standing below 7K, although no magnetic 
ordering has been attained even at 2.4 K. In 



Tetra-I (x~ 6.5), an insulator, magnetic prop- 
erties were found to be similar to those in 
Ortho-II. In the YBa 2 Cu 3 0* system, oxygen- 
removal in the Ortho-I seems to cause 
magnetic moments in the material, though its 
magnetism is not so strong. We speculate the 
magnetism in Ortho-II and Tetra-I as follows: 
By reducing oxygen atoms in Ortho-I, 
disorder is introduced in the Cu-O chains of 
Ortho-I, as the neutron scattering ex- 
periments 11 " 1 ^ say that the oxygen occupancy in 
the two-dimensional Cu-O planes that sand- 
witch yttrium atoms remain unchanged by a 
change of oxygen content. The disorder might 
localize electrons around its neighborhood, 
where the Cu-O chain is cut or disturbed, and 
bring about magnetism. Thus, magnetism 
related to this mechanism will be disordered 
one, as observed by j/ + SR experiments of 
Ortho-II and Tetra-I. 

In Tetra-II (x— 6.2), an insulator where ox- 
ygen is most deficient, magnetic properties 
show a dramatic change. We have observed a 
pi + spin precession in zero external field even 
at 250 K for the sample quenched from 907°C. 
This observation of the spin precession in- 
dicates clearly that Tetra-II is magnetically 
long-range-ordered near room temperature. 
As the bulk static magnetic susceptibility is 
small, this magnetic ordering will be antifer- 
romagnetic. From tbe initial amplitude of ju + 
spin precession and fast relaxing components, 
the fraction of magnetically ordered part in 
the sample was nearly 100% at low tempera- 
tures below 100 K. This is the first observation 
of the presence of an antiferromagnetic phase 
adjacent to a superconducting one in the 
YBa 2 Cu 3 0 A: system. From the TF-/* + SR experi- 
ment, it was found that the Neel temperature 
distributes widely from 200 K to 300 K in this 
sample. In the Tetra-II sample quenched from 
770°C, the m + spin precessions were observed 
below 20 K and the Neel temperature was 
found to be below 100 K with a wide distribu- 
tion. As the 770°C-quenched sample contains 
more oxygen by a small amount than the 
907°C-quenched one, it can be said that the 
Neel temperature decreases very sharply 
around the oxygen content between x~6.2 
and x~ 6.4. However, the ji + local magnetic 
field observed at low temperatures were about 
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300 G in these two samples and did not show a 
large difference. This means that the sub-lat- 
tice magnetization does not change so much in 
spite of a large change of 7* N between these 
Tetra-II samples. This fact has to be explained 
by the nature of the antiferromagnetism of 
Tetra-II. In the previous /* + SR experiment, 4 * 
we observed a sort of magnetic phase transi- 
tion around 20 K in a mixed-phase sample of 
Y-Ba-Cu oxide. It may have relation with this 
Tetra-II-phase material with the oxygen con- 
tent near x— 6.4. Of course, other possibilities 
cannot be rejected. 

Here we focus our discussion on the 
magnetism in Tetra-II. Since yttrium and 
barium atoms are non-magnetic, the magnetic 
ordering observed by // + SR in Tetra-II must 
be attributed to copper atoms. In the 
YBa 2 Cu 3 0 Jr system there are two different cop- 
per sites; Cu-1 atoms that form one-dimen- 
sional Cu-O chains between two Ba-O layers 
in case of Ortho-I and Cu-2 atoms in the two- 
dimensional Cu-O planes that sandwitch yt- 
trium atoms. If the magnetic ordering were to 
be ascribed to the electrons of Cu-1 atoms, 
then the ordering temperature would not be ex- 
pected to be so high as 250-300 K as observed 
in 907 °C quenched sample, because in Tetra- 
II the oxygen atoms are absent between 
neighboring Cu-1 atoms and any super-ex- 
change interaction that brings about such a 
high Neel temperature as 250-300 K will not 
be expected between neibouring Cu-i atoms. 
Therefore, magnetic ordering with such a high 
Neel temperature should be attributed to Cu-2 
atoms. In this respect, the magnetic ordering 
in Tetra-II seems similar to that of 
La 2 Cu0 4 -<5» where the same two-dimensional 
Cu-O plane exists and an antiferromagnetic 
ordering occurs, in this plane. To ascribe the 
magnetism of Tetra-II to Cu-2 atoms is consis- 
tent with almost the same sublattice magnetiza- 
tion (the same local fields) in the 907 °C and 
770°C quenched sample; since the neutron 
diffraction experiments indicate that the ox- 
ygen atoms remain unchanged in two-dimen- 
sional Cu-O planes even if the oxygen content 
is changed, we can expect the same sublattice 
magnetization at very low temperatures in 
these two samples after the magnetic ordering 
has once been established. However, as the 



super-exchange interactions between two Cu-2 
atoms also will not change, it is difficult to 
understand the very different 7Vs in the 907°- 
and 770°C-quenched samples, where the ox- 
ygen content change is by a very small amount 
and occurs in the neighborhood of Cu-1 
atoms. Here, though we do not know the 
mechanism, we can say that the 7n is strongly 
influenced by a change of oxygen occupancy 
near Cu-1 atoms, that is, a change of the elec- 
tronic state of Cu-1 atoms. To understand the 
superconductivity in the YBajC^O* system, it 
is the most important question how the ox- 
ygen occupancy in the Cu-O chains between 
two Ba-O layers causes a drastic change of its 
physical properties from a superconductor 
(Ortho-I, r c ~90K, or Ortho-II, r c ~60K) 
to an antiferromagnetic insulator (Tetra-II). 
Therefore, the study of the magnetism of 
Tetra-II offers important information on the 
electronic state of YBa 2 Cu 3 O x relevant to an 
understanding of its superconductivity. 
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noun 

number characterizing magnetization of substance: a number that characterizes the 
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Atomically ordered FePt nanoparticles (Ll 0 -type structure) covered with amorphous (a-) A1 2 0 3 have been fabricated* In this 
process, Fe particles were deposited on Pt <( seed" particles which were epitaxially grown on (100) NaCl or MgO substrates. 
Annealing the a-A^OyFe/Pt films at temperatures higher than 773 -K leads to a formation of ordered nanoparticles with 
mutual fixed orientation in a monolayer form. Three variant ordered domains of the tetragonal Ll 0 structure coexisted in a 
single nm-sized FePt particle, even in a particle as small as 7 nm. According to in-situ electron diffraction study, the degree 
of order of the ordered structure started to increase on annealing at 773 K and almost saturated on annealing at 873 K for 
16 h. The magnetic coercivity varied depending on the particle size and the degree of order in the Llo structure formation. 
The perpendicular coeravity exceeded the in-plane one during the annealing. The in-plane coercivities of FePt nanoparticles 
measured both parallel to [100]^ and [010]Mgo directions were almost equal in numerical value. These results reflect the 
ordered domain formation process and the volume fraction of the domains. Remanent magnetization decay measured for the 
in-plane magnetization revealed a magnetic relaxation with the type of magnetic dipolar interaction between the FePt particles. 
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Introduction 

Recently, the magnetic recording density has become 
higher year by year and reached nearly die maximum 
value (around 1 Gbit/in 2 Jl]) for the conventional 
recording media with continuous magnetic thin films. It 
is predicted that the density of magnetic recording will 
reach to 10 to 100 Gbits/in 2 [2-4] during the years 
between 2001 and 2006 according to today's rate of 
progress [4]. The grain sizes of recording media have 
been decreasing to increase the recording density. As 
the candidates for near future high-density recording 
media, films including FePt and CpPt ordered alloy 
nano particulates* called "nano-granular films" have 
been attracting much attention in recently (5-7). These 
alloy nanoparticles include atomic ordering reactions 
from disordered fee phase to ordered Ll 0 phase [8] 
{CtiAu I-type structure) in their fabrication processes. 
The ordered structure of these alloys have a large 
magnetocrystalline anisotropy energy as high as 10 6 to 
10 7 J/m 3 [9- 10], which is one hundred times larger than 
that of bcc-Fe. When the volume of the magnetic 
particles decreased, the thermal fluctuation of magneti- 
zation affect the magnetization of particles, and cause 
the disappearance of memorized information. Shimatsu 
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et al. discussed the effect of thermal fluctuation of 
magnetic moment on the ordered Llo-FePt nanogra- 
nular film [12]. The particle morphology, size, crystal- 
lographic orientation and inter-particle distance are 
strongly dependent on the fabrication process, and these 
parameters affect their magnetic properties largely. For 
example, the magnetic coercivity of Be nanoparticles 
shows peculiar dependence on the inter-particle distance 
{13], and the partide size f 14]. From the practical 
viewpoints as the longitudinal magnetic recording media, 
the easy axis of the material, which is usually related to 
their crystallographic structure, have to be oriented 
parallel to the film plane. Also, as the magneto-optical 
pi" perpendicular recording media, the ^asy axis has to 
be aligned perpendicular to the film plane. However 
few studies have reported the orientation control in 
nano-particulate systems, in spite of many approaches 
for epitaxial growth performed in FePt and CoPt thin 
continuous films [11, 15-20]. The present authors have 
reported the structure and magnetic properties of orient- 
ed Llo-FePt nanoparticles on amorphous (a-) A1 2 0 3 
thin film [21-24], In this paper, we report our recent 
study of FePt nanoparticles, especially, on their atomic 
ordering reactions and the related variation of magnetic 
properties. 

Experimental Procedures 



Thin films of oriented FePt nanoparticles covered with 
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amorphous A1 2 0 3 were fabricated using an electron- 
beam evaporation technique in a high-vacuum chamber 
with a base pressure of approximately 3 x 1 0" 7 Pa. The 
process took advantage of the overgrowth of bcc-Fe on 
fcc-Pt "seed" particles, which were epitaxially grown 
on (100) NaCl and MgO substrates kept at 673 K 
during the deposition [21-22], and also of an ordering 
reaction between Fe and Pt on annealing at temper- 
atures higher than 773 K. A quartz thickness monitor 
was attached in the chamber to estimate the average 
thickness of the deposited layers. First, Pt particles 
were deposited with a rate of 0.1 to 0.5 nm/min on 
both of the NaCl and MgO substrates set side by side 
and kept at 673 K. Successively, Fe was deposited onto 
the substrates at a deposition rate of 03 to 1.0 nm/min. 
In order to protect the deposited Fe froni oxidization, a 
cover layer of a-Al 2 Oj with a thickness larger than 4 
nm was deposited without breaking vacuum. The aver- 
aged thicknesses of the "seed" Pt particle layers were 
set to be 0.5 to 1.5 nm and that of Fe ranged from 0.5 
to 3.5 nm. A part of the NaCl (100) substrate with the 
as-deposited or after-annealed films was immersed in 
distilled water and the deposited films removed were 
mounted onto copper microgrids for later transmission 
electron microscopy (TEM) observations with 200 and 
300 kV electron microscopes. Annealing of the speci- 
mens were mainly performed in a vacuum furnace with 
a pressure less than 2 x 10" 5 Pa at 873 K for several 
hours. Because of the epitaxial relations between the 
substrate and Pt <<011> s /AcOll:^, {100} s //{lOOJpt), 
and between Pt and Fe <<100> Fc //<100>p t , {OllW/ 
{OlOjpt) [21-22], the Ll 0 -FePt nanoparticles observed 
by TEM were found to be grown mutually under a 
fixed orientation. The atomic ordering reactions were 
studied by in-situ TEM observation using a specimen 
heating stage. The composition analysis of the speci- 
men was done by energy dispersive X-ray spectroscopy 



(EDS) apparatus, which was attached to the TEM. 
Magnetization hysteresis loops of the films on NaCl 
and MgO substrates were measured with a supercon- 
ducting quantum interference devise (SQUID) magneto- 
meter in the temperature range from 10 to 300 K. No 
appreciable difference between magnetic data from the 
films on NaCl and MgO was observed. Thermore- 
manent magnetization decay was also measured using 
SQUID as follows. At first, we applied the field of 10 
kOe parallel to the film plane and abruptly removed it 
to 0, followed by measuring the decay curve for around 
10 3 min. 

Results and Discussion 

Structural change by atomic ordering 

Figure 1 shows three examples of selected area 
electron diffraction (SAED) patterns taken from an a- 
Al 2 03/Fe (44 at%)/Pt (56 at%) film at 300, 773 and 
873 K in the course of annealing in TEM. these SAED 
patterns were received using imaging plates. Each of 
these patterns was taken after keeping 10 min at each 
temperature. In the pattern for the as-deposited (300 K) 
condition, fcc-Pt and bcc-Fe coexists satisfying the 
epitaxial orientation relationship 121-22] mentioned in 
the experimental procedures. A halo-pattern from the a- 
A1 2 0 3 can be seen as the background. At 773 K, weak 
superlattice reflections started to be seen, though weak 
spots from the residual bcc-Fe are still observed. At 
873 K, superlattice reflections became strong, and 
reflections from the residual bcc-Fe disappeared. This 
result indicates that the alloying process of Pt and Fe, 
and the atomic ordering process from disordered Fe-Pt 
to the ordered L1 0 -FePt structure (CuAu I-type) occurr- 
ed almost simultaneously. The change of SAED inten- 
sity profiles with the annealing temperature are shown 
in Fig. 2, which were measured along [001]*^ 
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as-deposited 773K 873K 

Fig. 1. Three examples of SAED patterns of an a-AI 2 03/Fe (44 at.%)/Pt (56 at.%) film at 300, 773 and 873 K extracted from the in-situ 
observation in the temperature range from 300 to 873 K. The superlattice reflections gradually appeared with increasing the annealing 
temperature, and on the contrary, the reflections from the residual bcc-Fe disappeared simultaneously. The spotty diffraction patterns mean 
the existence of mutual orientation relationships between the FePt nanocrystallites (fcc-Pt and bcc-Fe at 300 1C). In the pattern for 873 K, the 
superreflections 1 10 F ePuc and OOlfrpLa come from the structural domains with c-axis normal and parallel to the film, respectively. 



Supplied by the British Library - "The world's knowledge" www.bl.uk 



Atomic ordering reaction and associated variation of magnetic coerciviry of oriented LJ 0 -FePl nanoparticles 



111 




2 3 4 

Reciprocal space distance / nm ~* 



Fig. 2. The SAED intensity profiles for different temperatures 
measured along the [001J*F ePt direction in the pattern. Superlattice 
reflection position is shown by the arrow in the figure, intensity of 
the ordered reflection 001** appeared at 773 K and gradually 
enhanced with increasing the annealing temperature. 

direction in the pattern. A broad peak of superlattice 
reflection can be seen above 773 K in Fig. 2. Similarly, 
a broad peak of superlattice reflection was visible 
above 773 K in the profiles measured along {110]*FePt 
direction. 

Figure 3 shows the annealing time dependence of 
diffracted beam intensity ratio of 110 superlattice re- 
flection to 220 fundamental reflection obtained by in- 
situ SAED observation performed at 873 K using the 
same specimen as in Fig. 1 and 2 (Fe-56 at.% Pt). The 
measurement error represents the standard deviation of 
measured intensities at each data point. The particles 
observed by TEM did not coalesce even after the 
temperature reached at 873 K. At the initial stage of 



1.0 




Annealing time, / / h 

Fig, 3. Variation of intensity ratio of 1 10 superlattice reflection to 
220 fundamental one against the annealing time under 873 K. 
During the annealing, the specimen thickness could be regarded as 
constant because of after no particle cohesion on annealing. The 
increase of 110 reflection intensity was saturated after 16 h 
annealing. 




Fig. 4. Lattioe fringe images of the FePt nanopartieles and the 
correspdhdirig SAED pattern for an a-Al 2 (VFe (40 at.%)/Ptt<50 
at.%) Film after annealing at 873 K for 1 h. Ordered FePt particles 
with mean sizes of 8 nm are homogeneously dispersed. Also the 
ordered domain structures can be seen in the particles. In each 
particle, the central region corresponds to the domain with 0ie c- 
ax is normal to the film plane and the outer regions corresponds to 
the domains with the c-axes parallel to the film plane. 



annealing, the intensity ratio of 1 10 to 220 increased 
linearly, followed by the saturation after about 16 li. 
Since the dynamical effect in electron diffraction often 
makes the quantitative interpretation of diffraction intern 
sities difficult. It was difficult to evaluate the accurate 
long-range order parameters from the SAED patterns. 
However, since the particles did not change their ex- 
ternal shape appreciably during the aging mentioned 
above, the particle thickness must be almost constant 
during the annealing. So the saturation of the hy^hm 
ratio in Fig. 3 can be regarded as the end of ordering 
reaction, this data is useful for us to decide the appro- 
priate annealing time Tor sufficient ordering. 

In this study, we fabricated various sizes of FePt 
nanoparticles with average sizes from 8 nm to 20 nm. 
Figure 4 shows the FePt nanoparticles fabricated with 
the mean sizes of 8 nm. We have reported in our previ- . 
ous work that three- variant ordered crystalline domains 
of the Ll 0 phase could ^coexist even in nano-sized FePt 
nanoparticles {21-22]. Such ordered variants can also 
be seen in small particles even as small as 7 nm in the 
middle of Fig. 5. This result could be explained by the 
equivalent chance for nucleation and growth of domains 
with the three variant crystailographic orientations on 
the substrate, The easy axis of magnetization in the 
Llo-FePt structure is c-axis, so the existence of these 
ordered domains would greatly affect the magnetization 
process and magnetic properties of the particles. The 
reason why such domains coexist irrespective of ener- 
getically unfavorable situation is unknown at this 
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A. 44at.%Fe. d=12rcn C. 40at.% Fe, d=8 run 
-■- H J- f i Ira plane -A- H J. film plane 




Annealing time, / / h 

Fig. 5. Variation of magnetic coercivity against the annealing 
time under 873 K for two kinds of specimen with different mean 
particle diameters: The coercivities both normal and parallel to the 
film plane are enhanced with increasing the annealing time, though 
their coercive forces are reversed after annealing for 10 h. 

moment. 

Variation of magnetic properties due to atomic 
ordering 

Annealing time dependence of coercivities was plotted 
in Fig. 5. The data marked by square (sample-A) were 
obtained from the same specimen as observed in Fig. 1 
to 3 (mean particle diameter: 12 ran, mean composition: 
Fe-56 at% Pt). Another data points marked by circles 
(sample-B) and triangles (sample-C) were obtained 
from the specimens with the mean particle sizes of 12 
and 8 nm, respectively. Both of them had the averaged 
concentration of Fe-60 at.% Pt. Coercivities of these 
specimens showed a similar tendency to the annealing 
time. At the initial stage of annealing (< 10 h), the in- 
plane coercivities were larger than the perpendicular 
one, however, this relationship was reversed when an- 
nealed longer than 10 to 12 h. It is considered that the 
large enhancement of coercivity on annealing is due to 
the atomic ordering from cubic to tetragonal phase with 
the higher magnetocrystalline anisotropy. The reversal 
of the gradient of coercivity change with annealing 
time must be related to a reversal of volume fractional 
change of the variant structural domains, the volume of 
the domain with the c-axis normal to the film plane 
becomes larger than either of the volume of domain 
with the c-axis parallel to the film plane. The coercivity 
change of sample-A on annealing must be closely re- 
lated to the increase of degree of order of Ll 0 -structure 
as seen in Fig. 3. However, for the perpendicular and 
in-plane magnetizations in sample-B and -C, the coer- 
civity reversal was clearly observed after 12 h annealing, 
and after the reversal, the coercivity difference for the 
smaller particles is smaller compared with that for the 
larger particles. So it is considered that the alloy 
concentration and particle size affect the atomic order- 




Magnetic field, H I kOe 

Fig. 6. Typical magnetization vs. magnetic field (M-H) loops for 
a-AfeQj/Fe (44at%yPt (56 at.%)/MgO(l 00) films measured at 
300 K after annealing at 873 K for 24 h. These three loops were 
measured using the applied field parallel to the three equivalent 
principle axes of MgO substrate. The perpendicular coercivity 
slightly exceeded both of the plane coercivities. 

ing process and the ordering domain formation. The 
smallest averaged particle size with a high coercivity 
(3.5 kOe) obtained so far was 8 nm after annealing at 
873 K for 24 h (see solid triangles in Fig. 5). 

Figure 6 shows the applied field direction dependence 
on the hysteresis loop for the specimen with mean 
particle diameter of 12 nm and the composition of Fe- 
56 at.% Pt after annealing at 873 K for 24 h. Under the 
epitaxial orientation relationship, three variants of Llo- 
domains are epitaxially grown on the MgO substrate. 
So we induced the field parallel to the direction of 
f 100] Mg o, [010] Mg o, these are ("in-plane" direction), and 
also to {001] Mg o (perpendicular direction). The perpend^ 
cular coercivity exceeded the in-plane one and the in4 
plane coercivities measured both parallel to LlOOjMgo 
and [010] M go were almost the same. This result can be 
expected by the existence of three kinds of variant 
structural domains mentioned above. From the shape 
and the squareness of M-H loops with three different 
magnetic field directions shown in Fig. 6, it is found 
that the easy axis directions of the film are along the 
three applied magnetic fields. 

Effect of thermal fluctuation on magnetic proper- 
ties 

We studied the temperature dependence of coercivity, 
since it is expected that the lower the temperature, the 
smaller the thermal fluctuation becomes. The ratios of 
coercivities measured at 300 and 10 K (He (300 K)/Hc 
(10 K)) are presented in Fig. 7 for three specimens with 
different particle sizes (8 to 14 nm), but have the same 
averaged composition (Fe-60 at.% Pt) and the same 
packing density around 0.3 to 0.4. All these specimens 
were annealed at 873 K for 1 h after the deposition, 
and are supposed to have almost the same ordered 
structures. In case of the specimen with sufficiently 
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Fig. 7. Mean particle size dependence of coercivity ratio measur- 
ed at 300 K and 10 K. In case of the specimen with sufficiently 
large particle diameter, this ratio ought to be near unity. However, 
in case of nanoparticles with small sizes, this ratio would decrease 
below unity, depending on the magnitude of Qierinal fluctuation, 
which depends on the particle volume. 



large particle diameter, the ratio {He (300 K)/Hc XT© 
K)) must be near unity, since the thermal agitation 
would not affect it seriously because of the thermal 
stability owing to the high magnetocrystalline aniso- 
tropy. However, in case of nanoparticles with small 
sizes, this ratio would decrease far below unity, de- 
pending on the magnitude of thermal fluctuation. 
Especially in the case of annealing time for 1 h, the 
ratio rapidly decreased with decreasing the particle 
diameter, and reached 0.2 for the size of 8 nm. These 
results strongly suggest the size-dependence of thermal 
fluctuation for the present FePt nanoparticles, especi- 
ally for the particle size below about 10 nm. 

In order to investigate the correlation of magnetic 
interaction between the particles, the thermoremanent 
magentization decay curve was measured at 300 K 
with the specimen used in the measurement shown in 
Fig. 6 (a-Al 2 03/Fe (44at%)/Pt (56at.%)/MgO (100)). 
In Fig. 8, the residual magnetization decreased with 
time and saturated after 10 3 min. Their total decay 
value was about 3%. This decay curve showed the 
peculiar time dependence different from the Neel 
model [25] for non-interacting isolated particles, which 
represents the magentization decay as 



M r (0=M o e 



-tfr 



(1) 



, where M r (t) is the time dependent remanent magenti- 
zation, M 0 the initial remanent magnetization, r the time 
and T the relaxation time. This expression can be 
rewritten as log M r (t) ^ -t. However, our result showed 
the log-log type time dependence, that is, 




300 
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900 



1200 



log M r (/)«- log/ 



<2) 



Time, 1 1 sec 

Fig* 8. Remanent magnetization decay curve measured at 300 K 
with the specimen used in measurement shown in Fig. 7 {a-AliCV 
Fe (44 at%)/Pt{56 at%)/Mgq<K)0) t after annealing at 873 Kfor 
24 h). The residual magnetization decreased with time and 
saturated after 10 3 min. Their total decay value is about 3%. Hie 
curve represented by log-log scale is shown in the inset 



as shown in the inset of Fig. 8. Relaxation relationships 
different from N6el model were discussed both theoreti- 
cally {26j and experimentally {27] from the viewpoint of 
intergranular magnetic interactions. Our recent study 
indicated the existence of weak intergranular magnetic 
dipole interaction using the SM plot {24]. The observed 
slow relaxation can also be attributed to the thermal 
fluctuation of magnetization even after the atomic order- 
ing under the weak intergranular magnetic dipole inter- 
action {27]. Thermal fluctuation of magnetization is a 
serious problem for magnetic recording media, because 
it results in obscurity of the stored memory. From the 
viewpoint of high coercivity with high anisotropy, 1,1 0 - 
FePt has a great possibility against the thermal flucfc*- 
ation, but as the magnetic recording media, less inter- 
grain interactions are also necessary. Also, it is said that 
too much coercivity owing to the huge anisotropy results 
in the poor overwrite performance [12]. 

Summary 

Annealing of 2-dimentionally dispersed Fe/Pt nano- 
particles on MgO and NaCl single crystal substrates at 
temperatures higher than 773 K leads to a formation of 
the ordered nanoparticles with mutual fixed orientation. 
Three variant ordered domains of the tetragonal Ll 0 
structure coexisted in single nm-sized FePt particle 
after annealing at 873 K. The magnetic coercivities 
varied depending on the annealing time at 873 K, the 
particle size and the measureing temperature. Even for 
the smallest averaged particle size of 8 nm, a high 
coercivity of about 3.5 kOe was observed. According 
to in-situ electron diffraction study, the degree of order 
of the FePt structure started to increase on annealing at 
773 K and saturated on annealing at 873 K for 16 h. 
The magnetic hardening due to the atomic ordering 
was shown experimentally in nm-sized FePt particles. 
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The remanent magnetization decay curve showed a 
relation log M~ -log/, and the slow relaxation ex- 
pressed by this relationship could be explained due to 
the inter-granular magnetic dipole interaction. 
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A layered titanate' H K0K Ti 17 3O4 oriented thin film on 
stainless steel and Ti metal substrates was prepared by using an 
cxfoliaiion-restacking technique. The layered titanate film can be 
lopotactically transformed to anata.se and rutile thin films with 
preferred orientation along [103] and [110] directions* respec- 
tively, by heat-treatment, and to a BaTiOj ihin film with preferred 
orientation along Ll 101 direction by hydrothermal treatment in a 
Ba(OH) 2 solution. 



Preferentially oriented diin films of metal oxides are high 
performance materials for electronic devices. For die prepara- 
tions of the preferentially oriented thin films, usually epitaxial 
crystal growth techniques are utilized. 1 "^ In these cases, a single 
crystal substrate and lattice matching between the substrate 
crystal and the film crystal are necessary, meaning ihe high cost 
for the preparation of the epitaxial films. If a poiycrystalline or 
amorphous substrate can be used for the oriented thin films, a low 
cost thin film process is possible. Some studies have indicated that 
the orienred thin films can be obtained on poiycrystalline 
substrates or single crystal substrates without lattice matching 
by controlling growth direction of film crystal. 4 " 6 However, the 
control of crystal growth direction on a poiycrystalline substrate 
is not easy in normal cases. 

Recently, wc have studied the preparation of BaTi0 3 and 
anatase from a titanaie with u lHyered structure, and found that 
plate-like BaTiOn and anatase particles with preferred orientation 
can be obtained by hydrothermal treatment of The plate-like 
titanate particles in Ba(OH)j solution and distilled water, 
respectively. 7 The structural transformations from the layered 
titanate to BaTiOi and anatase are topotactic reactions. This result 
implies that if a oriented layered titanate film can be prepared on a 
poiycrystalline or an amorphous substrate, the oriented BaTiO.* 
and T1O2 films would be obtained by using the topotactic 
structural transformation reactions. 

For the preparations of layered metal oxide thin films with 
preferred orientation, recently, exfoliation and layer-by-layer 
assenmbiy techniques have developed.*-* Titania nanostrucrured 
films have been obtained by heat-treatment of a layered titanate 
film prepared by using me layer- by-layer assenmbiy technique. 10 

In the present study, we descript preparation of an oriented 
layered titanate thin film on stainless steel andTt metal substrates 
by using an cxfoliation-restacking technique, and preparation of 
oriented BaTi0 3 and Ti0 2 thin films from the layered titanate film 
by using topotactic structural transformation reactions. 

A layered H^-form titanate Hi^Tii^O^nHzO (HTO) with 
a lepidocroeile-like layered structure was used as precursor, 
which was prepared from a layered titanate of Ko.RTi|. 7 .iLio.270d, 
as described previously. 7 HTO powder sample was exfoliated 



into the nanosheeu? of elementary layer of its structure by reacting 
widi aOilM n -propyl amine solution. 11 The titanium content in 
the resulted nanoshect colloidal solution was adjusted to 0.1 M, 
The HTO thin film was prepared by dipping the stainless steel 
substrate into the HTO nanosheel solution and then drying in air at 
room temperature. The HTO film with about 0.3 \xti\ thickness 
was obtained by repeating the dipping and drying operation for 1 0 
cycles. The HTO film has a layered structure with a basal spacing 
of 0.938 nm, which is larger than that of its precursor of HTO 
powder sample (0.922 nm) (Figure 1(b)). Only (0 k 0) diffraction 
peaks were observed, suggesting that the HTO nanoshecLs rcstack 
on the surface of the substrate and form a preferentially oriented 
film of the layered titanate after drying. 

T1O2 thin films can be obtained by heat-treatment of the HTO 
film in air. The HTO film retains the layered structure, hut the 
intensity of the diffraction peaks decreased and the basal spacing 
changed to 0.933 nm after heat-trcauncnL at 400 °C (Figure 1(c)). 
Anatase and rutile thin films were obtained after heai-treatrneni at 
600 and 800 °C, respectively (Figure 1(d) and 1(e)). The anatase 
film shows much stronger (103) diffraction peak than that of the 
normal powder sample (anatase, JCPDS No. 21-1272), meaning 
(103) plane of anatase film parallels to the basal plane of the 
substrate. In the case of the rutile film, only (110) and (220) 
diffraction peaks were observed, indicating perfect preferred 
orientation along fl 101 direction. The preferred orientations 
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Figure 1. X-ray diffraction patterns of (a) stainless steel sub- 
strate, (b) HTO film, and the films obtained by heat-treatment of 
the HTO film at (c) 400, (d) 600, and (c) 800 °C for 2h in air, 
respectively. Squares, circles, and triangles indicate layered 
titanate, anatase, rutile phases, respectively. 
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suggest that the formal ions of anatase and rutile from the layered 
titanate are dehydration topoiaelie structural transformation 
reaction;;. 

A BaTi0 3 him was prepared by hydrothcrmal treatment of. 
the HTO film in a Ba(OH)2 solution. Before Ihc hydrothcrmal 
treatment, the H TO film was heated at 400 °C. 10 prevent (he 
dissolution of the HTO film by re-exfoliation reaction when the 
film was immersed in the solution. The BaTiO.i film with a cubic 
phase (BaTi0 3 , JCPDS No. 31-174) can be obtained after the 
hydrothermol treatment in a 0. 1 M Ba(OH) 2 solution ai 150 W C in 
a Teflon-lined, sealed stainless steel vessel (Figure 2(d)). The X- 
ray diffraction patterns showed very strong (1 10) diffraction peak ' 
and very weak peaks for other diffractions, indicating that BaTiOn 
film with a preferred orientation along [110] direction was 
obtained. This result suggests that the formation of BaTiOj phase 
is a (opotaciie structural transformation reaction, where Ba 2 "*" 
migrate into the crystal bulk through the interlayer pathway and 
react with TheTiO$ octahedral layers of HTO in the crystal bulk to 
form BaTiC>3 in situ. 7 



t 1 cr 




j i i i f 



0 10 20 30 40 SO 60 
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Figure 2. X-ruy diffraction patterns of (a) the HTO film after 
heat-treatment al 400 °C, and the films obtained by the hydro- 
thermal treatment of the HTO film at 150 °C for 20 h in (b) 
distilled water, (c) 0,0 1M, and (d) 0.1M Ba(OH) 2 solutions, 
respectively. Squares and eircles indicate layered titanate and 
BaTi03 phases, respectively. 

The BaTiOj film with preferred orientation along [1101 
direction can be prepared also on Ti metal substrate by using 
similar method, indicating the orientation direction is not 



dependent on the properties of the substrate, but on the structure 
of HTO precursor. Preliminary capacitance and dielectric loss 
measurements were carried out on the BaTiOj film with 0.31 fim 
thickness at an applied voltage of 0.1 V and 25 "C. The dielectric 
constants and the dielectric losses are 570 and 1 1 % at 10 2 Hz, and 
440 and 18% al 1 0 4 Hz of frequency, respectively, h is notable 
that the dielectric constant is higher than that of BaTi0 3 films 
prepared by other methods in same frequency range. 12 " 15 

In conclusion, the oriented BaTiO? and Ti0 2 thin films could 
be prepared by using topotactic structural transformation reac- 
tions from the layered titanate precursor film. The preferred 
orientation direction of the films is dependent on the structure of 
the precursor, but not on the properties of the substrate. 
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Scientific Research (C) (No, 13650894) from Japan Society for 
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A poly crystalline BhTi0 3 bulk ceramic with a preferred <111> orientation was fabricated by the reactive tem- 
plated grain growth method. A green compact was made by tape-casting of slurry containing: plate-like 
Ba 6 Tii704o template particles and BaC0 3 powder. Single phase BaTiOy was obtained by calcining the green 
compact at 1000 tf C. The calcined compacts were sintered betwech 1250 and 1400°G. The degree of orientation 
increased with an increase in the sintering temperature. Growth ol<lll>-oriented BaTi0 3 grains originated 
from the Ba c Ti 1T O 40 particles is responsible for the increase in the degree of orientation. 
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1 . Introduction 
Grain orientation is an important technique to improve 
performance of ferroelectric ceramics There have been 
two fabrication methods to prepare grain-oriented ferroelec- 
tric ceramics; one aligns grains by applying pressure during 
sintering and another prepares green compacts with 
aligned particles. 5 > _11 ' In the latter method, plate- or needle- 
like powder particles are aligned in a green compact by 
tape-casting, extrusion, and slip-casting. In these methods, 
grain growth during sintering* 1 * and particle growth during 
Ostwald ripening in molten salt 12) are necessary to be 
anisotropic. Therefore, these methods are only applicable to 
materials with low symmetry, such as those belonging to the 
bismuth layer-structured ferroelectrics and tungsten-bronze- 
type niobatcs. 

Many compounds with good dielectric and piezoelectric 
properties have a crystal structure with high symmetry, 
such as regular perovskite. To obtain grain-oriented 
ceramics for these compounds, the reactive templated grain 
growth (abbreviated as RTGG) method 5 *) has been 
employed, in which ceramics are made by in situ reaction 
and successive 9intering using starting material powders 
with a plate- or needle-shape. Thus, grain-oriented 
Bio.f>(Nao.flRKo.i 5 )o.5Ti0 3 with the perovskite structure was 
fabricated, and significant improvement of the piezoelectric 
properties due to grain orientation was reporlcd. s) Because 
this method requires a starting material with an anisotropic 
shape and the topotactic or epitaxial relation between the 
starting material and product, 131 the application of this 
method has been restricted to a few compounds, and the 
selection of starting material is important to apply this 
method to other compounds. 

The primary purpose of this note is to investigate the 
feasibility of fabricating BaTiC>3 with a significant <11I> 
orientation. The <lll>-oriented BaTiO s ceramics would ex- 
hibit a hysteresis-free strain vs, electric field curve as shown 
in a single crystal." 5 Ba^Ti^O^ (abbreviated as B6T17) 
was selected for the starting material from two points of 
view. The powder with an anisotropic shape is expected to 
be obtained from the crystal structure, l5 > and the <111> 



grain-orientation is expected from the topotactic relation be- 
tween crystal axes of B6T17 and BaTiOj, i.e., (OODbctit// 
(111)*to, and L010J ni rr,7//Lll()JK fl rio,- 16) * l7) The crystal 
structure of B6T17 is monoclinic with a « 0.9887 nm, b — 
1.7096 nrn, c- 1.8918 nm, and /? = 98.72 fl .^ 

1. Experimental 

Plate-like B6T17 was prepared from RaTi0 3 and TiOa in 
the presence of NaCl. BaTiO a and Ti0 2 , with the average 
particle sizes of 0.5 and 0.6 fim respectively, were mixed in 
a 6 ; 11 molar ratio with a ball mill for 24 h using ethanol as a 
medium. The dried mixture was mixed with an equal weight 
of .NaCl in an electrically* driven agate mortar and pestle for 
30 min, and then heated at 1150*C for 1 h. NaCl was re- 
moved from the reaction product by washing with distilled 
water more than 10 times. 

Two prepara ti on methods of slurry for tape-casting were 
employed. In the first method, B6T17 and BaCOa in a "1 : 11 
molar ratio were mixed with a solvent (60 volX toluene-40 
vol% ethanol) in a centrifugal ball mill for 3 h, and then poly 
(vinyl butyral) (binder) and di-«-butyl phthalate (plasticiz- 
er) were added and mixed for 2 h. In the second method, 
B6T17 was mixed with the solvent containing a small 
amount of poly (vinyl butyral) in the centrifugal ball mill for 
2 h. Then, BaCO a was added and mixed for 1.5 h. Finally, 
remaining poly (vinyl butyral) and di-w-butyl phthalate were 
added and mixed for 2 h. 

The slurries were tape-cast onto a plastic film. Green 
sheets were cut, slacked, and pressed at 80°C and 110 MPa 
for 3 min. The thickness of the compacts was about 2 mm. 
The compacts were further cut into small pieces (10 mm* 
10 mm). 

The binder and plastici^cr were burned out at 600*C for 
2h (heating rate was 50°C/h). Then, the compacts were 
calcined at 1000°C for 2 h (heating rate was 100°C/h). The 
formation of BaTiO a was completed at this stage, as judged 
by X*ray diffraction analysis. The calcined compacts were 
cooled to room temperature and pressed isostatically (CIP) 
at 100 MPa to increase green density, because the reaction 
between B6T17 and BaCO a caused expansion of the com- 
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pacts. The CLP-ed compacts were sintered between 1250 
and 140(TC for 2h (the heating rate was 100'C/h). 

The phases present and the degree of orientation were de- 
termined by X-ray diffraction (XRD) analysis using Cu Ka 
radiation on the major surface of compacts (parallel to the 
casting direction) . The sintered compacts were polished be- 
fore XRD measurement to examine the grain orientation in 
Lhe bulk. The degree of orientation, F } was calculated by the 
following equations (Lotgering method 18 *), 

M=3 



-/(ml 



and Pa = — 



ufm> 



(2) 



where /and 7j) are the peak heights for the wintered compact 
and randomly oriented BaTiOa, respectively, and {311} atul 
\hkl) stand for the Miller indices. The diffraction lines be- 
tween 2G~ 20 and 60" were used to calculate and 
£/<ham}- The microstructurc was observed on fracture sur- 
faces perpendicular to the major surface of sintered com- 
pacts with a scanning electron microscope (SEM) . The den- 
sity of sintered compacts was determined by the Ar- 
chimedes method. 

3. Results and discussion 
Figure 1 shows the SKM photograph of lhe B6T17 pow- 
der. The powder was mainly composed of plate-like pani- 
cles with the length of plate face, between 1 0 and 20 y^m and 
a thickness of about 3 //m. Figure 2 shows the XRD pattern 




of the R6T17 powder. To examine the crystal lographic 
direction, the sample for XRD measurement was prepared 
by tape-casting. All XRD peaks were assigned to those of 
B6T17 (JCPDS No. 35-817). While the most intense peak 
of B6T17 with random orientation is (331) at 2 0^31-3*. 
the XRD pattern in Fijr. 2 had the intense (006) and (008) 
peaks at 2 5=28.6° . and 38.5\ respectively, indicating that 
the <001> direction of B6T17 lies perpendicular to rhc plate 
face, because the plate face of Lhe particles aligned parallel 
to the major face of the sheet. 

Figuro 3 shows the XRD pattern of the RTGG-processed 
compactsintered at 1400 V C for 2 h as well as BaTi0 3 pow- 
der. The RTGG-processed compact was made from the slur- 
ry prepared by the first preparation method. The most in- 
tense peak was {111} of BaTi0 3 for the RTGG-processed 
compact, while it was, {110} for the BaTiO^ powder. The 
degree of orientation of the RTGG-processed compact was 
0.2fi ( which was smaller than expected- 

Figure 4 shows an example of microstructurc on a frac- 
ture surface perpendicular to the major face of the compact 
after binder burn-out. The plate-like B6T17 particles were 
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Fig. i . SEM photograph of B6T17 powder. 



Fig. 3. XKU patterns of (a) RTCG-proccawed sample and 
(b) BaTiO a powder. The RTGG-processed sample was made from 
the slurry prepared by the firsL preparation method, Hnci whs sin- 
tered At f400"C fnr 2 h. 



■a 

t 

a 




29/* CuKor 

Fig. 2. XRD pattern of B6T17 powder. The sample was prepared 
by tape-casting. 
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Fig* 4. MicroslrucLure of fracture aurfacc perpendicular to the 
major face of cast compact after binder burn-out at 600 ft C for 2 h. 
The compact waa made from the slurry prepared by lhe first prepa- 
ration method. The casting direction is indicated by the arrow. 
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hardly observed, and if observed, the orientation was rather 
random. The large particle in Fiji. 4 was B6T17 and plate 
face was observed. The side face of a plate-like particle 
should be observed in the fracture surface perpendicular Lo 
the major face of the compact, if tiic B6T17 particles were 
aligned by tape-casting. 

The observation of the microstructure of green compact 
indicates that the small degree of orientation shown in 
Fig. 3 is caused by the mis-alignment of B6T17 particles in 
the cast sheet. Probably, agglomerates of D6T17 and BaCO a 
were formed in the slurry and disturbed the alignment of 
B6T17 particles- The fact that B6T37 particles was hardly 
observed on the fracture surface perpendicular to the cast : 
ing direction indicates that B6T17 particles are covered 
with BaCO a particles to form agglomerates with an isotropic 
shape. 

To improve the dispersion of powder particles in the slur- 
ry, the second method of slurry preparation was employed, 
since a small amount of poly (vinyl butyral) acts as a 
dispersant. 19 ' Figure 5 shows the microstructure of a frac- 
ture surface perpendicular to the major face of the compact 
made from the slurry prepared by the second method. To 
show the particle alignment clearly, the compact after bin- 
der burn-oul was fractured and immersed in a IINO3 solu- 
tion to remove a part of BaCO^. Figure 5 indicates that tape- 
casting of the slurry resulted in the alignment of BfiT17 par- 
ticles with their plate face parallel to the casting direction. 

Figure 6 shows the XRD patterns of the compacts sin- 
tered at various temperatures for 2 h, measured at the major 
face parallel to the casting direction. The most intense peak 
of the sintered compacts was {111}, indicating that <111> of 
many grains lies perpendicular to the casting direction. This 
preferred orientation is expected from the orientation rela- 
tion between B6T17 and BaTi0 3 . ls > lfi > The result shown in 
Fig. 6 indicates that the topotactic relation between B6T17 
and BaTiOa is retained during the formation of BaTiO a . 

The degree of orientation was dependent on the sintering 
temperature as shown in Fig. 6; an increase in the sintering 
tempera lure increased ihc degree of orientation. 

Figure 7 shows the microstructures of fracture surfaces 
perpendicular to the major face of the compacts. The sam- 
ple sintered at 1250°C was composed of plate-like and 
equiaxed grains. The formation of plate-like grains gives the 
preferred <111> orientation, whereas the orientation of 
equiaxed grains is random, as judged from Fig. 6(a). The 
diffusion of Ba into plate-like B6T17 resulted in the forma- 
tion of plate-like BaTiOa grains. 20 ) The origin of equiaxed 
grains is not certain. One possible origin is the presence of e- 
quiaxed particles in the B6T17 powder (Fig. 1) » Another 
possible origin is the fragmentation of plate-like BaTiOa 
grain into small grains during the BaTi0 3 formation, be- 
cause the plate-like BaTi0 3 grain is polycrystai. Plate-like 
civaractcr was maintained up to 1300'C, while grain growth 
was evident at and above 1300 C C. Al 1350 and 140CTC. 
plate-like character was Jost and grains had an irregular 
shape, although the 0*11 > direction of most grains lay per- 
pendicular to the major face of the compact (Fig. 6). 
Growth of <lll>-oriented grains at the expense of miss- 
oriented grains is responsible for the increase in the degree 
of orientation. 213 

Large pores existed in the sample sintered at 1250°C, and 
these pores accumulated between the grains with plate-like 
character at 1300 D C. These pores were hardly eliminated by 
sintering at higher temperatures, as shown in Fig. 7. The 
density of the samples sintered at 1250, 1300, 1350 and 
1400"C was 43, 62, 81 and 81% of theoretical, respectively. 
The measurement of electrical properties, especially piezo- 
electric property, was difficult because of the low density. 
The attempts lo increase the sintered density are under way. 




Fig. 5. M it: ma (rue hire of fracture surface perpendicular to the 
major face. of cast compact after binder burn-out ar 600°C for 2 h. 
Th« compact was made from the* slurry prepared by the second 
preparation method. The compact was treated in a HNO* solution 
to remove h part of BnCQ a and dearly observe Lhe alignment of 
B6T17 particles. The casting direction is indicated by the arrow. 
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Rg. 0. XRD patterns of compacts sintered at various tempera- 
tures for 2 h. The compacts were made from the slurry prepared by 
the .second preparation method. The? lvalues indicate the degree of 
orientation. 



4. Conclusions 
A polycrystalljne BaTiQn bulk ceramic with a preferred 
<1 11 > orientation was fabricated by the reactive templated 
grain growth method, using plate-like BGT17 particles with 
the <001> direction perpendicular to the plate face. Align- 
ment of B6T17 particles was achieved by tape-casting of a 
slurry containing B6T17 and BaCO s powders. The disper- 
sion of powder particles in the slurry was important to align 
the plate-ltlce B6T17 particles. Plate-like BaTi0 3 grains 
with the 01 1> direction perpendicular to the casting direc- 
tion were formed during the reaction between B6T17 and 
BaCO s . Thus, the compact was composed of plate-like 
BaTi0 3 grains and equiaxed BaTi0 3 grains with random 
orientation. Growth of <lll>-oricnted grains at the expense 
of randomly-oriented grains increased the degree of orienta- 
tion. 
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Fig. 7. MfcroHtructures of fracture surfaces perpendicular to the major face uf compacts sintered at (a) 1250°. (b) 1300°, (c) 13S0*C and 
(c) inOU'C for 2 h. The compacts were made from the slurry prepared by th« Kucond preparation method. The caaLini* direction is indicated 
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